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The c o n d i t i o n s  of encounter  between i n t e r p l a n e t a r y  
F g d u s t  p a r t i c l e s  and t h e  p l a n e t s  a r e  i n v e s t i g a t e d  
8 + f o r  t h e  range of p a r t i c l e  s ize  where t h e  f o r c e  of 

s o l a r  r a d i a t i o n  is not  n e g l i g i b l e  i n  comparison ,:y w i t h  t h e  f o r c e  of s o l a r  g rav i ty .  The a c t i o n  of 
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INTRODUCTION 

Dust p a r t i c l e  sensors t o  be flown on s p a c e c r a f t  i n  o r d e r  
t o  d i r e c t l y  measure t h e  speeds  and d i r e c t i o n s  of motion of s m a l l  
d u s t  p a r t i c l e s  having masses m .a10 -12 gm have been developed 
d u r i n g  the  p a s t  f e w  years .  These sensors were des igned  t o  be 
used i n  s t u d y i n g  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  f o r  which t h e  
f o r c e  of s o l a r  r a d i a t i o n  is n o t  n e g l i g i b l e  in comparison w i t h  
the  f o r c e  of s o l a r  g r a v i t y .  The range of s e n s i t i v i t y  of t h e  
s e n s o r s  ex tends  i n t o  t h e  regime of p a r t i c l e  s ize  where dus t  

p a r t i c l e s  can be ISIlown out of t h e  solsr system by s u n l i g h t .  



The e f f e c t s  of s o l a r  radiat iwii  p r e s s u r e  must t h e r e f o r e  be 
inc luded  when t h e  measured speeds and r a d i a n t s  of  s m a l l  d u s t  
p a r t i c l e s  a r e  used i n  computing t h e  o r b i t s .  Eva lua t ion  of t h e s e  
e f f e c t s  r e q u i r e s  i n v e s t i g a t i n g  t h e  c o n d i t i o n s  of encounter  
between a p l a n e t  and i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  f o r  which 
r a d i a t i o n  p res su re  modi f ies  t h e  h e l i o c e n t r i c  o r b i t a l  speeds.  
Condi t ions  o f .  encounter  w i t h  r a d i a t i o n  p r e s s u r e  inc luded  a l s o  
have an impor tan t  b e a r i n g  on t h e  problem of t h e  enhanced f l u x  
of s m a l l  d u s t  p a r t i c l e s  measured i n  t h e  v i c i n i t y  of t h e  e a r t h  
and p o s s i b l y  e x i s t i n g  a l s o  n e a r  t h e  o t h e r  p l a n e t s .  

THE EARTHfS DUST BELT 

The f l u x  of s m a l l  d u s t  p a r t i c l e s  measured i n  the v i c i n i t y  
of  t h e  e a r t h  through t h e  use of rockets and s a t e l l i t e s  is h ighe r  
than  would be expec ted  i f  r a d i a t i o n  p r e s s u r e  is neg lec t ed  and 
t h e  o r b i t s  of s m a l l  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  a r e  assumed 
t o  be s i m i l a r  t o  t h o s e  of larger ,  meteor-producing meteoroids. 
T h i s  enhancement of  t h e  f lux  of s m a l l  d u s t  p a r t i c l e s  has  been 
c a l l e d  a d u s t  b l anke t  by Beard (1959), a d u s t  b e l t  by Whipple 
(19611, and a d u s t  s h e l l  by Singer  (1961). The d a t a  t h a t  a r e  
p r e s e n t l y  a v a i l a b l e  do no t  permit d i s t i n g u i s h i n g  among t h e  v a r i o u s  
models env i s ioned  by t h e s e  and o t h e r  i n v e s t i g a t o r s .  A knowledge 
of t h e  g e o c e n t r i c  t r a j e c t o r i e s  is c r i t i c a l  i n  d i s c u s s i o n s  of 
t h e  n a t u r e  and o r i g i n  of t h e  e a r t h ' s  d u s t  b e l t .  R e f e r r i n g  t o  
t h e  phenomenon a s  an enhancement of the f l u x  of s m a l l  d u s t  
p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  e a r t h  c a r r i e s  fewer conno ta t ions  
about t h e  p r e s e n t l y  unknown geocen t r i c  t r a j e c t o r i e s  of the d u s t  
p a r t i c l e s  and, more impor t an t ly ,  pe rmi t s  closer c o n t a c t  w i t h  
t h e  o b s e r v a t i o n a l  d a t a  t h a t  a r e  now a v a i l a b l e .  

The r a t e  a t  which informat ion  can be ob ta ined  w i t h  a 
s a t e l l i t e - b o r n e  d u s t  p a r t i c l e  s enso r  is i n c r e a s e d  by t h e  enhancement 
of t h e  f l u x  of  s m a l l  d u s t  p a r t i c l e s  nea r  t h e  e a r t h .  A t  t h e  same 
t i m e ,  t h e  complicated geocen t r i c  t r a j e c t o r i e s  r e s p o n s i b l e  f o r  
t h e  enhancement of t h e  f l u x  make t h e  expe r imen ta l  de t e rmina t ion  
of tne o r b i t s  of t h e  small d u s t  pa 
for  meteoroids .  
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I 

The geocen t r i c  enhancement of t h e  f l u x  of s m a l l  d u s t  
p a r t i c l e s  is shown i n  F igure  1, which is a cumulat ive f l u x  
d i s t r i b u t i o n  expressed  i n  terms of t h e  p a r t i c l e  mass. The 
numerical  d a t a  used i n  c o n s t r u c t i n g  F igure  1 a r e  given i n  
Table  1. The s e l e c t e d  d a t a  a r e  cons idered  here  t o  be r e p r e s e n t a t i v e  
of  t h e  a v a i l a b l e  d a t a ,  a l though Figure 1 is a c o r r e c t e d  v e r s i o n  
of  a r a t h e r  ou tda ted  f i g u r e  t h a t  was p re sen ted  i n  an e a r l i e r  
paper. The d i s t r i b u t i o n  curves  shown i n  F igure  1 come from 
s t u d i e s  of t h e  frequency of m e t e o r i t e  f a l l s ,  obse rva t ions  of 
meteors, ana lyses  of r e s u l t s  from photometr ic  s t u d i e s  of t h e  
i o d i a c a l  l i g h t ,  and d i r e c t  measurements made w i t h  d u s t  p a r t i c l e  
s e n s o r s  mounted on s p a c e c r a f t .  

The g e o c e n t r i c  enhancement of t h e  f l u x  of  s m a l l  d u s t  
p a r t i c l e s  is revea led  by p l o t t i n g  i n  F igu re  1 t h e  cumulat ive 
f l u x  d i s t r i b u t i o n s  f o r  two d i f f e r e n t  r eg ions  of space.  The 
d a t a  from studies of the Zodiacal light, meteors,and the 
f requency  of meteorite f a l l s  a r e  used t o  r e p r e s e n t  t h e  f l u x  of 
d u s t  p a r t i c l e s  and meteoroids  a t  e a r t h ' s  d i s t a n c e  from t h e  sun  
bu t  i n  r e g i o n s  removed from t h e  e a r t h .  The direct  measurements 
made i n  t h e  v i c i n i t y  o f  t h e  e a r t h  a r e  used t o  r e p r e s e n t  t h e  f l u x  
of s m a l l  d u s t  p a r t i c l e s  n e a r  t h e  e a r t h .  The f l u x  of meteoroids  
is e s s e n t i a l l y  t h e  same for both  r e g i o n s  of space ,  s i n c e  t h e  
known d i s t r i b u t i o n s  of o r b i t s  and t h e  h igh  speeds  of encounter  
(20 t o  40 km/sec, on t h e  average,  a s  determined by r a d a r  and 
photographic  s t u d i e s  of meteors)  prec lude  any a p p r e c i a b l e  g e o c e n t r i c  
enhancement of t h e  f l u x  of  meteoroids.  
p a r t i c l e s / m  /sec/2rr s t e r  f o r  meteoroids  having  masses rR - 1.3 x 10-6gm 
observed by E l f o r d ,  e t  a l .  (1964) th rough t h e  use  of r a d a r  
i n d i c a t e s  t h a t  no measurable g e o c e n t r i c  enhancement of t h e  f l u x  
occur s  f o r  t h e  f a i n t  r a d a r  meteors .  

The f l u x  of lo-* 
2 

Comparison of t h e  f l u x  of sma l l  d u s t  p a r t i c l e s  i n  i n t e r -  
p l a n e t a r y  space  w i t h  t h e  h ighe r  f l u x  measured i n  t h e  v i c i n i t y  
of t h e  e a r t h  l e a d s  t o  t h e  conclus ion  t h a t  a g e o c e n t r i c  enhancement 
of  t h e  f l u x  of s m a l l  dust  p a r t i c l e s  exis ts .  The degree  of 
enhancement of  t h e  f l u x  and the p a r t i c l e  mass a t  which t h e  f l u x  
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begins  t o  be enhanced both  depend on which of t h e  v a r i o u s  size 
d i s t r i b u t i o n s  de r ived  from s t u d i e s  o f  t h e  z o d i a c a l  l i g h t  and 
s o l a r  F-corona is used t o  r e p r e s e n t  t h e  f l u x  of s m a l l  dus t  

p a r t i c l e s  i n  i n t e r p l a n e t a r y  space. The s ize  d i s t r i b u t i o n  de r ived  
by Ingham (1961) and shown i n  F igure  1 r e p r e s e n t s  t h e  b e s t  f i t  
t o  t h e  d i s t r i b u t i o n  of s u r f a c e  b r i g h t n e s s  of  t h e  z o d i a c a l  l i g h t  
t h a t  was observed by Blackwell  and Ingham. T h i s  s ize  d i s t r i b u t i o n ,  
i f  extended t o  s m a l l e r  s i ze s  of  dus t  p a r t i c l e s ,  is i n  good 
agreement w i t h  t h e  s ize  d i s t r i b u t i o n  of s m a l l  d i e l e c t r i c  s p h e r e s  
(water  ice) used by Giese (1963) i n  c a l c u l a t i n g  models f o r  t h e  
z o d i a c a l  l i g h t .  The p h o t o e l e c t r i c  o b s e r v a t i o n s  of t h e  s u r f a c e  
b r i g h t n e s s  and p o l a r i z a t i o n  of t h e  z o d i a c a l  l i g h t  r e p o r t e d  by 

Weinberg (1964) a r e  f i t t e d  more c l o s e l y  by t h e  s ize  d i s t r i b u t i o n  
given by Giese t h a n  by any of the  other  s ize  d i s t r i b u t i o n s  t h a t  
have been suggested.  The s i z e  d i s t r i b u t i o n  given by 81s%sser (1954) 
has subsequent ly  been a l t e r e d  and was inc luded  i n  Figure 1 dn ly  to  
i n d i c a t e  t h e  d e s i r a b i l i t y  of a smooth t r a n s i t i o n  between t h e  
cumula t ive  f l u x  d i s t r i b u t i o n  f o r  t h e  z o d i a c a l  d u s t  p a r t i c l e s  and 
t h e  one f o r  t h e  r a d a r  meteorso 

The g e o c e n t r i c  enhancement of t h e  f l u x  of s m a l l  d u s t  
p a r t i c l e s ,  a s  po r t r ayed  i n  Figure 1, beg ins  t o  appear  a t  a 
p a r t i c l e  mass between and gm and r eaches  a maximum 
(-10 enhancement) for d u s t  p a r t i c l e s  having  masses i n  t h e  

gm. T h i s  dependence s u g g e s t s  t h a t  neighborhood of rii - 10- 
some n o n - g r a v i t a t i o n a l  f o r c e ,  such a s  t h a t  of s o l a r  r a d i a t i o n  
p r e s s u r e ,  may p lay  an impor tan t  role i n  producing t h e  g e o c e n t r i c  
enhancement of t h e  f l u x  of s m a l l  d u s t  p a r t i c l e s .  I f  so ,  s i m i l a r  
enhancements of f l u x  can be expected t o  exis t  i n  t h e  v i c i n i t y  
of  o t h e r  p l a n e t s .  I n v e s t i g a t i o n  of t h i s  p o s s i b i l i t y  a g a i n  
r e q u i r e s  t h a t  r a d i a t i o n  p r e s s u r e  be inc luded in  t h e  c o n d i t i o n s  of 
encounter  between s m a l l  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  and t h e  
p l a n e t s .  

t r e a t m e n t  of the c o n d i t i o n s  of encounter  between t h e  p l a n e t s  and 

4 

11 

The fo l lowing  s e c t i o n s  a r e  devoted t o  an approximate 
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s m a l l  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s .  S o l a r  r a d i a t i o n  p r e s s u r e  
is inc luded  i n  t h e  t r e a t m e n t ,  bu t  o t h e r  n o n - g r a v i t a t i o n a l  f o r c e s  
such  a s  cospuscu la r  d rag ,  Coulomb drag ,  and Lorentz f o r c e s  a r e  
n e g l e c t e d  i n  t h i s  f i r s t  o r d e r  approximation. Any f o r c e  which 
e f f e c t i v e l y  reduces t h e  c e n t r a l  g r a v i t a t i o n a l  f o r c e  e x e r t e d  by 
t h e  sun  can  produce e f f e c t s  on  t h e  motion of  a s m a l l  d u s t  
p a r t i c l e  s i m i l a r  t o  the e f f e c t  of r a d i a t i o n  pressure .  

EQUATIONS OF MOTION AND THE F'OYNTING-ROBERTSON EFFECT 
Some of t h e  equa t ions  t o  be used he re  a r e  s u f f i c i e n t l y  w e l l -  

known t h a t  t hey  r e a l l y  need no t  be p re sen ted ,  bu t  t h e y  do provide 
a convenient  means f o r  i n t r o d u c i n g  parameters  needed i n  t h e  
d i scuss ion , ,  The s c a l a r  equa t ions  of motion given by Robertson 
(1937) o r  by Wyatt and n i p p l e  (1950) form a convenient  s t a r t i n g  
p o i n t  ,, 

Expressed i n  p o l a r  coord ina te s  (r, e ) ,  t h e  equa t ions  f o r  
t he  h e l i o c e n t r i c  motion of  a dus t  p a r t i c l e  of  mass m moving i n  
t h e  combined g r a v i t a t i o n a l  and r a d i a t i o n  f i e l d s  of t h e  sun  of 
mass M, >> m a r e  

= -'eff - 2 a  d r  
2- Tax r r 

( r a d i a l )  

0 

and 

(angular  ) 

where 

= I-I - ac, ~1 = GM,, and a = - 3 L ~  
'eff 16nc2 6s 

Qpr . 
I n  t h e  fo rego ing ,  G is t h e  cons t an t  of g r a v i t y ,  L, is t h e  
luminos i ty  of t h e  sun ,  c is t h e  speed o f  l i g h t ,  6 is the mass 
d e n s i t y  of the d u s t  p a r t i c l e ,  and s is t h e  p a r t i c l e  r a d i u s  ( a l l  
measured i n  c g s  u n i t s ) .  The parameter Q is t h e  r a d i a t i o n  

pr - 
p r e s s u r e  e f f i c i e n c y  f a c t o r  de f ined  by 

n 

where C is t h e  c r o s s - s e c t i o n a l  a r e a  of the d u s t  p a r t i c l e  
e f f e c t i v e  i n  i n t e r c e p t i n g  s u n l i g h t  t o  produce r a d i a t i o n  p r e s s u r e  

P r  
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on t h e  d u s t  p a r t i c l e .  
The magnitude of t he  force of r a d i a t i o n  is 

where U ’ ( r )  is the energy d e n s i t y  of s u n l i g h t  a t  a h e l i o c e n t r i c  
d i s t a n c e  r. The magnitude of t he  f o r c e  of g r a v i t y  is 

Fg = v m  . 
3 

A d imens ionless  parameter B def ined  a s  

w i l l  be used e x t e n s i v e l y  throughout t h e  fo l lowing  d i scuss ions .  
The parameter  f3 is simply t h e  magnitude of t h e  f o r c e  of r a d i a t i o n  
measured i n  u n i t s  of t h e  force of g r a v i t y .  Both the  f l u x  of 
s u n l i g h t  and t h e  f o r c e  of s o l a r  g r a v i t y  va ry  i n v e r s e l y  a s  t h e  
squa re  of  t h e  d i s t a n c e  from the sun ,  so t h e  parameter (3 is 
independent  of the  h e l i o c e n t r i c  d i s t a n c e .  O t h e r  n o n - g r a v i t a t i o n a l  
forces cou ld  be in t roduced  a t  t h i s  p o i n t  by u s i n g  an a d d i t i o n a l  
parameter  8’ which would no t  ( i n  gene ra l )  be independent of 
t h e  h e l i o c e n t r i c  d i s t a n c e .  The expres s ion  given e a r l i e r  fo r  f3 
becomes, upon s u b s t i t u t i o n  of the  a p p r o p r i a t e  numerical  v a l u e s  
f o r  t h e  v a r i o u s  cons t an t s .  

The equa t ions  of motion may be w r i t t e n  a l s o  i n  terms of  t h e  
d imens ionless  parameter a s  

and 

s i n c e  f3 and a a r e  s imply r e l a t e d  by t h e  e x p r e s s i o n  
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Radia t ion  p r e s s u r e  produces s e v e r a l  effects  on  the motion 
of a s m a l l  d u s t  p a r t i c l e .  A d u s t  p a r t i c l e  moving i n  a h e l i o c e n t r i c  
o r b i t  r e c e i v e s  s u n l i g h t  from a source  t h a t  is moving r e l a t i v e  
t o  the  d u s t  p a r t i c l e ,  so t he  i n c i d e n t  s u n l i g h t  undergoes 
a b e r r a t i o n  through a s m a l l  angle  

r de cp - -.- c . d t  

which can be neg lec t ed  i n  a first approximation. The component 
of motion of the  d u s t  p a r t i c l e  a long the  p o s i t i o n  v e c t o r  of t h e  
d u s t  p a r t i c l e  causes  s u n l i g h t  of f requency v t o  be s h i f t e d  
through the Doppler effect  t o  a new frequency v’ given by 

1 dr )  
c d t  e 

v ’  = v ( l  - - -  
The r a d i a l  motion of  the d u s t  p a r t i c l e  and the  s h i f t  i n  f requency  
of t h e  i n c i d e n t  s u n l i g h t  produce a cor responding  change i n  the  
energy  d e n s i t y  of the i n t e r c e p t e d  r a d i a t i o n  and, hence,  the  
r a d i a t i o n  p r e s s u r e  exerted on t h e  d u s t  p a r t i c l e .  The terms 

r e p r e s e n t  the  r a d i a l  and t a n g e n t i a l  components, r e s p e c t i v e l y ,  
of the  a c c e l e r a t i o n  produced b y  t h i s  d r a g  f o r c e .  The e q u a t i o n s  
of motion g iven  p rev ious ly  a r e  c o r r e c t  t o  the  first o r d e r  i n  
t h e  r a t i o  of the  speed of  t h e  d u s t  p a r t i c l e  t o  the  speed of l i gh t .  
The problem was f i r s t  formula ted  c o r r e c t l y  by Robertson (1937) 
who used a r e l a t i v i s t i c  t rea tment  i n  order t o  d e r i v e  the 
g e n e r a l i z e d  e q u a t i o n s  of motion. The a c t i o n  of s u n l i g h t  i n  
e f f e c t i v e l y  r educ ing  the  c e n t r a l  g r a v i t a t i o n a l  force of a t t r a c t i o n  
by t h e  sun  and i n  g i v i n g  r i s e  t o  the non-conservat ive d r a g  

I 

I f o r c e  is c a l l e d  the Poynting-Robertson e f f e c t .  

I 
I 
1 

The energy and angular :  momentum no longe r  c o n s t i t u t e  
c o n s t a n t s  of motion because of t h e  presence  of the non-conservat ive 
d r a g  f o r c e  in t roduced  by r a d i a t i o n  p r e s s u r e ,  
the  a n g u l a r  equa t ion  of motion y i e l d s  

I n t e g r a t i o n  of 
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where h is t h e  angu la r  momentum (per u n i t  mass) of t h e  d u s t  
p a r t i c l e  and h~ is  the  va lue  of h a t  s o m e  epoch, t = to. 
t i m e  t (or 8 )  i n c r e a s e s ,  t h e  angular  momentum dec reases .  The 
d u s t  p a r t i c l e  loses angu la r  momentum and energy of m o t i o n ,  
caus ing  i t  t o  s p i r a l  toward t h e  sun. The dynamical e v o l u t i o n  
of t h e  o r b i t s  of meteoroids  under t h e  Poynting-Robertson e f f e c t  
has  been cons idered  by Wyatt and Whipple (1950) f o r  d i p t i c  
o r b i t s  a s  w e l l  as for t h e  c i r c u l a r  o r b i t s  cons ide red  by Robertson 
(1937) . 

As 

Temporarily dropping t h e  sma l l  terms i n  

r de and - - 1 d r  
c d t  c d t  
- -  

from t h e  equa t ions  of motion leaves  

and 
n 

The r a d i a l  equa t ion  of motion now d i s p l a y s  on ly  t h e  a c t i o n  of 
s o l a r  r a d i a t i o n  p r e s s u r e  i n  e f f e c t i v e l y  r educ ing  t h e  c e n t r a l  
'force of g r a v i t y .  A va lue  > l m a k e s  t h e  r igh t -hand s i d e  of 
t h e  r a d i a l  equa t ion  of motion p o s i t i v e  and causes  t h e  c e n t r a l  
f o r c e  t o  become one of r epu l s ion .  A d u s t  p a r t i c l e  f o r  which 
f3 > 1 w i l l  be blown o u t  of t h e  s o l a r  system by r a d i a t i o n  p r e s s u r e ,  
whi le  one f o r  which p = 1 w i l l  not be s u b j e c t  t o  any a c c e l e r a t i o n  
by t h e  sun. . 
t h e  o r b i t a l  speed  u of the d u s t  p a r t i c l e  a s  

I n t e g r a t i o n  of t h e s e  approximate e q u a t i o n s  of m o t i o n  y i e l d s  

where a is t h e  semi-major a x i s  of t h e  o r b i t  of t h e  d u s t  p a r t i c l e .  
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Comparison w i t h  t h e  analogous equa t ion  

f o r  a d u s t  p a r t i c l e  which is s u f f i c i e n t l y  l a r g e  t h a t  B & 0 shows 
t h a t  r a d i a t i o n  p res su re  reduces t h e  o r b i t a l  speed of a s m a l l  
d u s t  p a r t i c l e  below t h a t  f o r  t h e  pure ly  g r a v i t a t i o n a l  case .  A 

s m a l l  d u s t  p a r t i c l e  moving i n  a p l a n e t - l i k e  o r b i t  moves more 
s lowly  t h a n  t h e  p l a n e t  and t h e r e f o r e  has a non-zero speed  
r e l a t i v e  t o  t h e  p l ane t .  T h i s  e f f e c t  was noted  by Poynt ing i n  
1912, Soon a f t e r  the  e x i s t e n c e  of r a d i a t i o n  p res su re  had been 
expe r imen ta l ly  v e r i f i e d .  

An assumption commonly used i n  s i m p l i f i e d  t r e a t m e n t s  of 
t h i s  t ype  is t h a t  a d u s t  p a r t i c l e  is p e r f e c t l y  absorb ing  and 
absorbs  s u n l i g h t  over  an a r e a  equal  t o  t h e  geometr ic  cross- 
s e c t i o n a l  a r e a  of t he  p a r t i c l e ,  Values of @ computed under t h i s  
assumption (Qpr = 1) a r e  shown g r a p h i c a l l y  i n  F igure  2 for 
v a r i o u s  v a l u e s  of t h e  mass d e n s i t y  6 and p a r t i c l e  r a d i u s  S. 
A s  was no ted  p rev ious ly ,  a va lue  B >1 means t h a t  t h e  d u s t  
p a r t i c l e  w i l l  be blown o u t  of t he  s o l a r  system by r a d i a t i o n  
p res su re .  The v a l u e s  B = 1 occur  i n  F igure  2 f o r  p a r t i c l e  r a d i i  
s - 1~ which a r e  comparable t o  the  wavelength of s u n l i g h t  
(-0.55P). The assumption t h a t  c l a s s i c a l  o p t i c s  could  be used 
t o  compute !3 f a i l s .  The r a d i a t i o n  p r e s s u r e  e f f i c i e n c y  f a c t o r  
Qpr; (and, hence,  @) is one of t h e  parameters  which can be 
computed through use of t h e  Mie theory  of l i g h t - s c a t t e r i n g  b y  
s p h e r i c a l  p a r t i c l e s  of a r b i t r a r y  s ize  and known index  of r e f r a c t i o n .  
I t  is u n l i k e l y  t h a t  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  a r e  i s o t r o p i c  
homogeneous s p h e r e s ,  b u t  one p r e s e n t l y  has  l i t t l e  cho ice  i n  
computing t h e  v a l u e s  of @ o t h e r  than t o  assume a composi t ion 
f o r  which t h e  index  of r e f r a c t i o n  is known and t o  use t h e  Mie 
theo ry  f o r  computing Qpre 

p a r t i c l e  mass or s i z e ,  mass d e n s i t y ,  composi t ion,  s t r u c t u r e ,  
shape ,  and t h e  parameter a r e  beyond t h e  scope  of t h i s  work. 
An e x t e n s i v e  t r ea tmen t  of t h e  Mie t h e o r y  can be found i n  the  
book by van de Hu l s t  (1957). 

. 
F u r t h e r  t r ea tmen t  of t h e  r a t h e r  complicated r e l a t i o n s  among 

The impor tan t  p o i n t s  i n  t h e  p r e s e n t  
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d i s c u s s i o n  can bc adcquntely i l l u s t r a t e d  b y  t a k i n g  Q = 1 and 
u s i n g  Figure  2 f o r  r e l a t i n g  @ t o  t h e  p h y s i c a l  parameters  of t he  
dus t  p a r t i c l e s .  A s c a l e  of p a r t i c l e  mass computed f o r  a mass 
d e n s i t y  of 6 = 2.5 gm/cm3 has been added a long  t h e  t o p  bo rde r  
i n  F igu re  2 f o r  t h i s  purpose. 

7 masses m 10- gm. Reference t o  F igure  2 shows t h a t  such  d u s t  
p a r t i c l e s  have v a l u e s  of f3 2 0.1, approximately,  f o r  any of t h e  

v a l u e s  of  mass d e n s i t y  6 t h a t  a r e  r ep resen ted .  A va lue  f3 = 0.01 
might be cons idered  t o  be n e g l i g i b l e  i n  comparison w i t h  u n i t y ,  
b u t  such  a va lue  a p p l i e s  on ly  f o r  the upper end of t h e  range 
of p a r t i c l e  mass encompassed by t h e  direct  measurements. The 

maj 'ori ty of t h e  d i r e c t  measurements apply  f o r  d u s t  p a r t i c l e s  
having masses between about 10 -11 g m  and 10" gm. 
p a r t i c l e  having a mass m = 10- gm and a mass d e n s i t y  6 = 2.5 
gm/cm3 has  a r a d i u s  of about 1 p and, from F igure  2 ,  a va lue  of 
,El 0.23, which is ha rd ly  n e g l i g i b l e  compared t o  un i ty .  

p a r t i c l e  i n t o  t h e  sphe re  of i n f l u e n c e  of a p l a n e t )  on t h e  va lue  
of  f3 a s  t h e  mass of t h e  d u s t  p a r t i c l e  is v a r i e d  from m - 10- 
gm down t o  any l i m i t s  (,El = 1) se t  by r a d i a t i o n  p res su re  is t o  be 
emphasized. The t r ea tmen t  is approximate because of t h e  s i m p l i f y i n g  
assumptions made i n  r e l a t i n g  f3 t o  t h e  p a r t i c l e  mass o r  t h e  
p a r t i c l e  size.  I t  is a l s o  approximate t o  t h e  e x t e n t  t h a t  t h e  

h e l i o c e n t r i c  motion of a d u s t  p a r t i c l e  is fol lowed by us ing  
t h e  two-body equa t ions  of motion p resen ted  e a r l i e r  w i t h  r a d i a t i o n  
p r e s s u r e  inc luded .  A s  t h e  d u s t  p a r t i c l e  e n t e r s  t h e  planetOs 
sphe re  of i n f l u e n c e ,  g r a v i t a t i o n a l  c o n t r o l  is t r a n s f e r r e d  t o  
t h e  p l a n e t ,  and the  mot ion  of t he  d u s t  p a r t i c l e  i n  t h e  r e g i o n  of 
t h e  p l a n e t  is t r e a t e d  a s  a itwo-body problem. The s m a l l  t a n g e n t i a l  
d rag  f o r c e  produced by r a d i a t i o n  p r e s s u r e  can  be neg lec t ed  d u r i n g  
an encoun te r  bu t  should  be inc luded  i n  t h e  motion of  a d u s t  
p a r t i c l e  between encounters .  

Pr  

The direct  measurements apply f o r  d u s t  p a r t i c l e s  having 

A d u s t  

The dependence of the speed  a t  encounter  ( en t ry  of t h e  d u s t  

7 
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# 

The o r b i t a l  speed of a d u s t  p a r t i c l e  a t  encounter  is given 

by 
2 1 v = P a - B )  (2  - a) 

i n  which t h e  semi-major a x i s  a of t h e  h e l i o c e n t r i c  o r b i t  of t h e  
d u s t  p a r t i c l e  is measured i n  u n i t s  of  t he  semi-major a x i s  of 
t h e  p l a n e t ' s  o r b i t  (assumed t o  be c i r c u l a r )  a s  

The n o t a t i o n  t o  be used here is t h a t  employed by Opik (1951). 
The r e l a t i v e  speed can then  be found by v e c t o r  a d d i t i o n  of  t h e  
v e l o c i t y  of t h e  d u s t  p a r t i c l e  and the v e l o c i t y  of t h e  p l ane t .  
A l t e r n a t i v e l y ,  and much more s imply,  t h e  problem can be formula ted  
a s  a J a c o b i  three-body problem w i t h  r a d i a t i o n  p r e s s u r e  inc luded .  
The speed  U of t h e  d u s t  p a r t i c l e  a t  encounter  (measured r e l a t i v e  
t o  t h e  p l a n e t  and expressed  i n  u n i t s  of  t h e  c i r c u l a r  speed  vC of - 

t h e  p l a n e t )  is given by 

i n  which e is t h e  e c c e n t r i c i t y  of t h e  h e l i o c e n t r i c  o r b i t  of t h e  
d u s t  p a r t i c l e  and i is the i n c l i n a t i o n  of t h e  h e l i o c e n t r i c  o r b i t  
of t h e  d u s t  p a r t i c l e  measured r e l a t i v e  t o  t h e  plane of t h e  
p l a n e t ' s  o r b i t .  S e t t i n g  i = Oo and r e p l a c i n g  A by Q where 

q Q = A ( l - e ) ,  q = a(1-e) ,  and Q = - 
aO 

y i e l d s  

The f o r e g o i n g  expres s ion  reduces  t o  

u2 = 1 - 2 G f i T F -  + (I+) (l+e) 

f o r  encounter  a t  the  p e r i h e l i o n  passage (Q = 1) of t h e  d u s t  
p a r t i c l e .  T h i s  e x p r e s s i o n  is  q u a d r a t i c  and has  t h e  root 

L l ,  1 - - q G  I 
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N ~ W ,  u = 0 f o r  p = Bo where Bo and e a r e  r e l a t e d  by t h e  expres s ion  

The ranges  of BO and e f o r  which U =  0 can occur  when r a d i a t i o n  
p r e s s u r e  is inc luded  a r e  

0 Po.< 0.5 , 0 e < 1, ( e l l i p t i c  o r b i t s )  

Bo = 0.5,  e = 1, ( p a r a b o l i c  o r b i t s )  

0.5 < Bo < 1, e > 1, (hyperbol ic  o r b i t s ) .  

C i r c u l a r  h e l i o c e n t r i c  o r b i t s  (e = 0 ) g i v e  U = 0 on ly  f o r  f3 = 0 ,  

which a p p l i e s  t o  d u s t  p a r t i c l e s  cons iderably  l a r g e r  t h a n  t h o s e  
s t u d i e d  through t h e  d i r e c t  measurements technique.  F igure  3 
shows U (or v/vc) a s  a f u n c t i o n  of f3 f o r  c i r c u l a r  o r b i t s  and 
f o r  s e v e r a l  v a l u e s  of  t h e  i n c l i n a t i o n .  The o r d i n a t e  on t h e  
r i g h t  w i l l  be exp la ined  and used l a t e r .  I t  should  be  noted 
t h a t  s m a l l  d u s t  p a r t i c l e s  having f3 2 0.01 and p l a n e t - l i k e  o r b i t s  
do no t  have p a r t i c u l a r l y  low speeds of encounter  (even f o r  zero 
i n c l i n a t i o n )  when t h e  e f fec t  of r a d i a t i o n  p r e s s u r e  on t h e  o r b i t a l  
speed  of a d u s t  p a r t i c l e  is  included.  

F i g u r e s  4a and 4b show U (or v/vC) a s  a f u n c t i o n  of f3 
f o r  two v a l u e s  of e c c e n t r i c i t y  e a r b i t r a r i l y  chosen such  t h a t  
Bo f a l l s  i n  t h e  range of p a r t i c l e  s ize  (0 20.01) encompassed by 
t h e  d i rec t  measurementso F igu res  3, 4a ,  and 4b show t h a t  ve ry  
l o w  speeds  of encounter  between p l a n e t s  and s m a l l  d u s t  p a r t i c l e s  
can  occur  f o r  d u s t  p a r t i c l e s  having non-c i r cu la r  h e l i o c e n t r i c  
o r b i t s  of  f a i r l y  l o w  i n c l i n a t i o n .  F u r t h e r  c a l c u l a t i o n s  show 
t h a t  t h e  s i n g u l a r  s o l u t i o n s  shown i n  F igu res  4a and 4b a r e  b u t  
t w o  of an e n t i r e  c l a s s  of o r b i t s  for which s m a l l  d u s t  p a r t i c l e s  
can have l o w  speeds  a t  encounter .  F igu re  5 shows t h e  (A- , e) 
domain i n  which t h e  c l e a r  a r e a s  con ta in  v a l u e s  of  A and e for 
which p l a n e t a r y  encounters  a r e  poss ib le .  Represen ta t ive  v a l u e s  
of Bo a r e  noted a long  t h e  l i n e  for p e r i h e l i o n  i n t e r c e p t s .  The 
c l a s s  of s i n g u l a r  s o l u t i o n s  which g ive  U = 0 f o r  i = Oo forms 
a l i n e  s i n g u l a r i t y .  

1 
* 

An e c c e n t r i c i t y  e 2 0.01 is r e q u i r e d  i n  

o r d e r  f o r  Bo t o  f a l l  i n  t h e  range (B 2 0.01, rnc 10.7 gm) 



encompassed b y  the d i r e c t  measurements. The e n t i r e  c l a s s  of 
o r b i t s  f o r  which i 
which have l o w  speeds  a t  encounter  provided t h e  encounter  occur s  
n e a r  t h e  p e r i h e l i o n  passage of  a d u s t  p a r t i c l e .  The a c t i o n  of 
r a d i a t i o n  p r e s s u r e  i n  reducing  t h e  p e r i h e l i o n  d i s t a n c e  of a d u s t  
p a r t i c l e  through t h e  Poynting-Robertson e f f e c t  f u r t h e r  s e r v e s  
t o  con t inuous ly  move o r b i t s  of low i n c l i n a t i o n  i n t o  p o s i t i o n  
f o r  the  low speed encounters  t o  occur. The l i n e  s i n g u l a r i t y  
appea r ing  a t  Q = 1 i n  t h e  (A-1, e )  domain f o r  i = Oo p r e s e n t s  
no problem r e g a r d i n g  an " i n f i n i t e "  enhancement of t he  f l u x  i n  
the  v i c i n i t y  of  a p l a n e t ,  because t h e  number of d u s t  p a r t i c l e s  
having such  o r b i t s  is f i n i t e .  The o r b i t s  of primary i n t e r e s t  
i n  t h e  problem of t h e  enhanced f l u x  n e a r  a p l a n e t  a r e  those i n  
the  neighborhood of the l i n e  Q = 1, 0.1 6 e < 1, i = Oo, i n  
t h e  (Am1, e)  domain. 

is given by 

5 O ,  e 2 0.01 provides  s m a l l  d u s t  p a r t i c l e s  

The component of U normal t o  t h e  p lane  of t h e  p l a n e t a r y  o r b i t  

uz =; f 6 1)A(1-e  2 ) s i n  i ,  

so  i n c r e a s i n g  i from Oo adds a non-vanishing Component t o  U. 
f a i r l y  r a p i d l y  through t h e  dependence of  Ug on s i n  i. 
f a c t o r  dm- broadens the range of i ove r  which a g iven  s m a l l  
va lue  of E& can be obta ined .  
h e l i o c e n t r i c  p o s i t i o n  v e c t o r  of a d u s t  p a r t i c l e  is 

The 

The component of U a long  t h e  

A non-vanishing component is added t o  U f a i r l y  r a p i d l y  a s  Q is 
reduced below 1. Again, t h e  f a c t o r  TlYF reduces  t h e  magnitude 
of the  non-vanishing component. Eva lua t ion  of the degree  of 
enhancement of t h e  f l u x  of s m a l l  d u s t  p a r t i c l e s  which w i l l  occu r  
nea r  a p l a n e t  t h e r e f o r e  r e q u i r e s  an i n t e g r a t i o n  ove r  the o r b i t a l  
e lements  a ,  e ,  and i a s  w e l l  a s  over a s ize  d i s t r i b u t i o n  or a 
d i s t r i b u t i o n  of the v a l u e s  of 8 for t h e  d u s t  p a r t i c l e s  encountered 
by t h e  p l ane t .  -The wr i te r  has  not  y e t  been s u c c e s s f u l  i n  
performing t h i s  i n t e g r a t i o n ,  

I 
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The a c t i o n  of r a d i a t i o n  p res su re  i n  reducing  t h e  o r b i t a l  
speed of a s m a l l  d u s t  p a r t i c l e  a l s o  a f f e c t s  t h e  apparent  
r a d i a n t  of t h e  d u s t  p a r t i c l e .  Varying t h e  s i ze  of a d u s t  p a r t i c l e  
so  t h a t  t he  va lue  of  f3 crosses a s i n g u l a r i t y  of the type  shown 
f o r  i = Oo i n  F igu res  4a and 4b causes  t h e  r a d i a n t  of  t h e  d u s t  
p a r t i c l e  t o  s h i f t  by 180°. 
e > 0,  i 2 Oo, and f3 < Bo appear  t o  ove r t ake  t h e  p l a n e t ,  w h i l e  
t hose  i n  s i m i l a r  o r b i t s  b u t  having f3 
by the p l a n e t .  
a l l  having s i m i l a r  o r b i t s  of low i n c l i n a t i o n  and a d i s t r i b u t i o n  
of v a l u e s  of f3 encompassing t h e  va lue  of (3. a .ppropr ia te  f o r  
t h e  e c c e n t r i c i t y  of t h e  o r b i t s ,  the  d u s t  p a r t i c l e s  can appear  
t o  e n t e r  t h e  p l a n e t 4 s  sphe re  of i n f l u e n c e  from a l l  d i r e c t i o n s .  
Such a c loud  of d u s t  p a r t i c l e s  would, of cour se ,  be i n  t h e  
process  of  d i s p e r s i n g  because o f  t h e  d i f f e r e n t i a l  e f f e c t s  of 
r a d i a t i o n  p r e s s u r e  on t h e  h e l i o c e n t r i c  o r b i t s  of t h e  d u s t  
p a r t i c l e s .  

Dust p a r t i c l e s  having o r b i t s  w i t h  

Bo appear  t o  be over taken  
I f  a p l a n e t  e n c o u n t e r s  a c loud  of d u s t  p a r t i c l e s  

The e f f ec t s  of r a d i a t i o n  p res su re  on t h e  c o n d i t i o n s  of  
encounter  t h a t  were desc r ibed  i n  t h e  preceding  paragraphs 
apply  a l s o  t o  t h e  s m a l l  d u s t  p a r t i c l e s  d e t e c t e d  by a d u s t  
p a r t i c l e  s e n s o r  mounted on an i n t e r p l a n e t a r y  probe such  a s  
Mariner IVe The e f f e c t s  of r a d i a t i o n  p r e s s u r e  on t h e  speeds  
and r a d i a n t s  of t h e  d u s t  p a r t i c l e s  d e t e c t e d  by such  an in s t rumen t  
need t o  be i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l .  

has some i m p l i c a t i o n s  ( the  importance of which has  not y e t  been 
i n v e s t i g a t e d )  r e g a r d i n g  t h e  formation of p l ane te s ima l s  i n  a 
r o t a t i n g  c i r c u m s t e l l a r  nebula  out of which a s t a r  forms. As a 

newly-formed s t a r  becomes luminous and c l e a r s  away t h e  gas  
i n  the nebula ,  the  s m a l l  duSt p a r t i c l e s  which a r e  not  blown 
away b y  r a d i a t i o n  p r e s s u r e  assume Kep le r i an  o r b i t s  about  t h e  
s t a r .  The a c c r e t i o n  p rocess  may t h e n  change because o f  t h e  

d i f f e r e n t i a l  e f f e c t s  of  r a d i a t i o n  p r e s s u r e  on the p l a n e t e s i m a l s  

The e f f e c t  of r a d i a t i o n  p res su re  on t h e  a c c r e t i o n  p rocess  
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and t h e  s m a l l e r  d u s t  p a r t i c l e s  be ing  a c c r e t e d  by the p l ane t -  
es imals .  The s o l a r  system is i n  a s t a g e  somewhat analogous 
t o  t h e  l a t t e r .  The nebular  gas  is gone, so t h e  p l a n e t s  a r e  now 
a c c r e t i n g  s m a l l  d u s t  p a r t i c l e s  which have t h e i r  h e l i o c e n t r i c  
motion modif ied by r a d i a t i o n  pressure  and t h e  r a d i a l  f low of 
t h e  s o l a r  wind. 

GRAVITATIONAL ENHANCEMENT OF THE FLUX OF INTERPLANETARY - DUST PARTICLES ---- 
The g e o c e n t r i c  enhancement of t h e  f l u x  of s m a l l  d u s t  

p a r t i c l e s  has been t h e  s u b j e c t  of c o n s i d e r a b l e  d i s c u s s i o n  bo th  
be fo re  and a f t e r  its e x i s t e n c e  was recognized  i n  the  r e s u l t s  
ob ta ined  w i t h  d u s t  p a r t i c l e  s enso r s  flown on rockets and s a t e l l i t e s .  
Whipple (1961) sugges t ed  t h a t  t h e  d u s t  p a r t i c l e s  were t h e  product 
of me teo ro ida l  impacts  on t h e  moon. The m a j o r i t y  of  t h e  remaining 
proposed e x p l a n a t i o n s  f o r  t h e  e x i s t e n c e  of  t h e  enhanced f l u x  
b a s i c a l l y  depend on t h e  g r a v i t a t i o n a l  c o n c e n t r a t i o n  of i n t e r p l a n e t a r y  
d u s t  p a r t i c l e s  s t r eaming  a t  low speed i n t o  t h e  v i c i n i t y  of t h e  
e a r t h .  N o  a t tempt  is made he re  t o  review t h e  numerous v a r i a t i o n s  
on t h i s  theme, because the  e f f e c t s  of  r a d i a t i o n  p r e s s u r e  on t h e  
c o n d i t i o n s  of encounter  have been neglec ted .  

The g r a v i t a t i o n a l  enhancement of  t h e  f l u x  of i n t e r p l a n e t a r y  
d u s t  p a r t i c l e s  e n t e r i n g  the  v i c i n i t y  of t h e  e a r t h  has  been 
t r e a t e d  through t h e  use of L i o u v i l l e ' s  theorem by S inge r  (1956, 
1961) and by She l ton ,  e t  a l .  (1964). The three-body problem 
( c o n s i s t i n g  of t h e  sun ,  t h e  e a r t h ,  and a d u s t  p a r t i c l e )  was 
t r e a t e d  a s  a success ion  of two-body approximations.  S i n g e r  (1961) 
assumed t h a t  t h e  v e l o c i t i e s  of t h e  d u s t  p a r t i c l e s  were i s o t r o p i c  
a t  i n f i n i t y  ( e n t r y  i n t o  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d ) .  

The degree of enhancement of t h e  f l u x  depends on t h e  average 
speed a t  which d u s t  p a r t i c l e s  e n t e r  t h e  v i c i n i t y  of a p l ane t .  
The requi rements  on t h e  speed of encounter  can be i l l u s t r a t e d  
by a ve ry  br ief  t r ea tmen t  u s ing  & i o u v i l l e ' s  theorem and f o l l o w i n g  
c l o s e l y  t h e  e x p o s i t i o n s  given by S inge r  (1961) and by S h e l t o n ,  
e t  a l .  (1964). The g e n e r a l  t rea tment  a p p l i e s  f o r  any p l a n e t ,  
w i t h  the  degree of enhancement of t h e  f l u x  depending r a t h e r  
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s e n s i t i v i t y  on the  d i s t r i b u t i o n s  of a ,  i, and @ f o r  the  d u s t  
p a r t i c l e s  encountered by t h e  p lane t .  The remainder of t h e  
p re sen t  d i s c u s s i o n  is l i m i t e d ,  however, t o  t h e  problem of  t h e  
g e o c e n t r i c  enhancement of the f l u x  of  d u s t  p a r t i c l e s .  

4 -  

The d e n s i t i e s  a t  t w o  p o i n t s  (I? ;f> and (r' v ' )  on a 
g' g g' g 

dynamic t r a j e c t o r y  i n  a s ix-dimensional  phase space  composed 
of the  g e o c e n t r i c  p o s i t i o n  and v e l o c i t y  v e c t o r s  ? and v 
r e l a t e d  through L i o u v i l l e ' s  theorem by 

A 
a r e  

g g 
- - - .A  -c 

n (rg, v,) = n (r;, vk) 

i f  no p a r t i c l e s  a r e  los t .  The d e n s i t y  of d u s t  p a r t i c l e s  i n  r e a l  
space  a t  a g e o c e n t r i c  d i s t a n c e  r is o b t a i n e d  by i n t e g r a t i n g  
s -  g 

n ( r  , v ) over  v e l o c i t y  space  t o  g e t  
- e -  

g g  +. 

g 
The s c a l a r  f l u x  of d u s t  p a r t i c l e s  a t  a g e o c e n t r i c  d i s t a n c e  r 
is 

Q (rg) = P (rg) vg(rg> 
t a k i n g  r ' ,  vg, t p+ , and QH t o  apply when t h e  dus t  p a r t i c l e s  e n t e r  
t he  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  l eads  t o  

g 

and 

a s  the d e n s i t y  enhancement and f l u x  enhancement, r e s p e c t i v e l y ,  
a t  a g e o c e n t r i c  d i s t a n c e  r 
p a r t i c l e s  which a r e  absen t  from the r eced ing  f l u x  because they  
co l l ided  w i t h  the e a r t h .  The a l g e b r a i c  expres s ion  fo r  the  
f a c t o r  f is given by She l toh ,  e t  a l .  (1954). The numerical  
v a l u e s  of f range between 0.5 and 1. The speed  a t  i n f i n i t y  
v corresponds t o  the speed a t  encounter  v used e a r l i e r  i n  t h e  
disCUssion of t h e  c o n d i t i o n s  of encounter.  

The f a c t o r  f a l lows  f o r  those d u s t  
go 

2 a d  
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The conse rva t ion  O f  energy of g e o c e n t r i c  motion y i e l d s  

where 1 

A t  t h e  
g' 

is t h e  speed of escape from t h e  e a r t h  a t  a d i s t a n c e  r 
a l t i t u d e s  of t h e  nea r -ea r th  s a t e l l i t e s  (r - 7000 k m ) ,  t h e  speed 
of escape  is 

g 

v - 10 km/sec. e 
For  speeds  a t ,  encounter  

one has  

so  t h a t  t h e  d e n s i t y  and flux enhancements reduce to 

and 

An enhancement of  

. 
4 the  f l u x  by a f a c t o r  - 10 t h e r e f o r e  

r e q u i r e s  V~ - 0.1 km/sec. 
i n f l u e n c e  i n h e r e n t  i n  t h e  s i m p l i f i e d  t r ea tmen t  u s ing  L i o u v i l l e  *s 

theorem encounters  t r o u b l e ,  f o r  0.1 km/sec is  no t  s m a l l  compared 
t o  t h e  speed  of escape a t  t h e  d i s t a n c e  of t h e  boundary of  t h e  sphe re  
of i n f l u e n c e  f o r  the  e a r t h .  A r e a l i s t i c  t r e a t m e n t  of  t h e  problem 
t h e r e f o r e  r e q u i r e s  numer ica l ly  i n t e g r a t i n g  t h e  three-body e q u a t i o n s  
of m o t i o n  w i t h  r a d i a t i o n  p res su re  inc luded .  

The concept of t h e  sphe re  of 

The o r b i t s  f o r  which ve ry  low speeds  a t  encounter  a r e  p o s s i b l e  
f o r  d u s t  p a r t i c l e s  of v a r i o u s  s i z e s  were d i s c u s s e d  e a r l i e r  and 
r e p r e s e n t e d  i n  F i g u r e s  3, 4 a ,  4b, and 5. The speed  a t  encounter  
v measured i n  u n i t s  of t h e  speed of escape  ve a t  t h e  a l t i t u d e s  
of the nea r -ea r th  s a t e l l i t e s  is given a s  t h e  o r d i n a t e  on  the 
r i g h t  i n  F igu res  3, 4 a ,  and 4b. 
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Singe r  (1961) assumed t h a t  r e l a t i v e l y  l a r g e  d u s t  p a r t i c l e s  
(s - 2001~)  have almost c i r c u l a r  h e l i o c e n t r i c  o r b i t s  of ve ry  low 
i n c l i n a t i o n  (e &Q,i S O  i n  order t o  j u s t i f y  t a k i n g  vd = 1 kmlsec ,  
which l e a d s  t o  a f l u x  enhancement--10 . A s u b c l a s s  of t h e s e  
o r b i t s  was i n v e s t i g a t e d  by D o l e  (19621, who numer ica l ly  i n t e g r a t e d  
t h e  g e o c e n t r i c  t r a j e c t o r i e s  of dus t  p a r t i c l e s  having i n i t i a l l y  
c i r c u l a r  h e l i o c e n t r i c  o r b i t s  of ze ro  i n c l i n a t i o n  (e = 0, i = Oo). 
Southworth (1963) has  c r i t i c i z e d  t h e  two-dimensional model used 
by Dole and has  argued t h a t  t h e  f r a c t i o n  of z o d i a c a l  d u s t  p a r t i c l e s  
having such  h e l i o c e n t r i c  o rb i t s  m u s t  be q u i t e  small .  

of 1 gm/cm3 has  a va lue  of &- 2.4 x which j u s t i f i e s  t h e  
n e g l e c t  of  r a d i a t i o n  p r e s s u r e  by S inger  (1961). But t h e  same 
d u s t  p a r t i c l e  has  a mass m -  3.3 x 10- 
t h e  regime of p a r t i c l e  mass covered by t h e  d i r e c t  measurements 
and p l a c e s  it i n  t h e  regime of r a d a r  meteors. The a v a i l a b l e  d i r e c t  
measurements apply  for  d u s t  p a r t i c l e s  having masses m 5 10- 
w i t h  t h e  maximum enhancement of t h e  f l u x  o c c u r r i n g  f o r  d u s t  

d u s t  p a r t i c l e  having a mass m = 10- 
gm/cm has  a r a d i u s  s & 1 p. 
accord ing  t o  F igu re  2. The speed of encounter  f o r  such  a d u s t  
p a r t i c l e  having an e a r t h - l i k e  o r b i t  is about  3.6 kmlsec. Taking 
t h i s  a s  an average speed y i e l d s  a f l u x  enhancement of o n l y  8, 
which is ve ry  much less than  t h e  f a c t o r  - 10 given by t h e  direct  
measurements. 

The shortcomings of  t h e  t r ea tmen t s  by S inge r  (1961) and Dole 
(1962) a r e  s h a r e d  by numerous o t h e r  proposed e x p l a n a t i o n s  f o r  
t h e  g e o c e n t r i c  enhancement of t h e  f l u x  of s m a l l  d u s t  p a r t i c l e s  
i n  which r a d i a t i o n  p r e s s u r e  $as neglected.  The work of  D o l e  
was mentioned h e r e  because such  numerical  i n t e g r a t i o n s  shou ld  be 
extended t o  a three-dimensional  model and t o  t h e  c a s e  i n  which 
r a d i a t i o n  p r e s s u r e  is n o t  neglected.  The fo rmula t ion  of t h e  

0 

2 

A d u s t  p a r t i c l e  having a r a d i u s  s - 2 0 0 ~  and a mass d e n s i t y  

5 gm, which removes it from 

7 
gm, 

11 
p a r t i c l e s  having masses i n  t h e  neighborhood of m - 10- gm. A 

gm and a mass d e n s i t y  :6 = 2.5 11 
3 The va lue  of f3 is about 0.23, 

4 

problem of t h e  g r a v i t a t i o n a l  enhancement of flux i n  terms L i o u v i l l e * s  
theorem t h a t  was given by S inge r  (1961) is u s e f u l ,  provided t w o  
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impor t an t  changes a r e  made. These a r e  (1) r a d i a t i o n  p r e s s u r e  
shou ld  be inc luded  s o  t h a t  t h e  d i s c u s s i o n  can be directed t o  t h e  
range of p a r t i c l e  s i ze  f o r  which t h e  measured g e o c e n t r i c  enhancement 
of t h e  f l u x  occur s ,  and (2) t h e  assumption t h a t  t h e  s m a l l  d u s t  
p a r t i c l e s  which produce t h e  z o d i a c a l  l i g h t  have predominantly 
c i r c u l a r  h e l i o c e n t r i c  o rb i t s  of very l o w  i n c l i n a t i o n  should  be 

avoided. The assumption t h a t  sma l l  d u s t  p a r t i c l e s  having o r b i t s  
of f a i r l y  l o w  i n c l i n a t i o n  c o n t r i b u t e  m o s t  t o  t h e  enhancement of 
t he  f l u x  nea r  a p l a n e t  cannot  be avoided, b u t  the r e s t r i c t i o n  on 
the  range of the  i n c l i n a t i o n  can be r e l a x e d  s l i g h t l y  because of 

7 
the  presence  of t h e  t e r m  71 - f3 i n  t h e  expres s ion  f o r  Uz. 
l o w  speed  encoun te r s  occur  on ly  f o r  non-c i r cu la r  o r b i t s  of f a i r l y  
l o w  i n c l i n a t i o n  when d u s t  p a r t i c l e s  of t h e  sizes involved  i n  t h e  
measured enhancement of t h e  f l u x  a r e  cons idered .  

The remaining unsolved problem c o n s i s t s  of i n t e g r a t i n g  over 

t s ize  d i s t r i b u t i o n  f o r  the small  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  i n  

The 

the  unknown d i s t r i b u t i o n  of orbi ts  and the r a t h e r  poor ly  determined 

an a t t empt  t o  a s c e r t a i n  whether apprec i ab le  p l a n e t o c e n t r i c  
enhancements of  t h e  f l u x  can occur  d i r e c t l y .  The boundary 
c o n d i t i o n s  which must be m e t  by any d i s t r i b u t i o n s  of o r b i t s  and 
s ize  d i s t r i b u t i o n s  assumed for  use i n  such  an i n t e g r a t i o n  i n c l u d e  
t h e  observed d i s t r i b u t i o n  of s u r f a c e  b r i g h t n e s s  and p o l a r i z a t i o n  
of the z o d i a c a l  l i g h t  over  t h e  c e l e s t i a l  sphere .  

S W A R Y  
The c o n d i t i o n s  of encounter  between p l a n e t s  and s m a l l  

i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  have been i n v e s t i g a t e d  i n  an approximate 
mannerF S o l a r  r a d i a t i o n  p r e s s u r e  has  been inc luded  i n  t h e  c o n d i t i o n s  
of encoun te r ,  and t h e  dependence of t h e  speed  a t  encounter  on 
the  s ize  of a d u s t  p a r t i c l e e h a s  been emphasized. 

passage encompass a n .  e n t i r e  class of non-c i r cu la r  h e l i o c e n t r i c  
o r b i t s  of f a i r l y  l o w  i n c l i n a t i o n  when d u s t  p a r t i c l e s  of the  s izes  
b e i n g  s t u d i e d  through t h e  use of s p a c e c r a f t  a r e  cons idered .  T h i s  

The l o w  speeds  of encounter  which occur  nea r  p e r i h e l i o n  
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c l a s s  of o r b i t s  provides  d u s t  p a r t i c l e s  which can encounter  t h e  
p l a n e t s  a t  t he  very  low speeds  necessary  i n  o r d e r  for a g r a v i t a t i o n a l  
enhancement of t h e  f l w b  occur .  Eva lua t ion  of t h e  e f f e c t i v e n e s s  
of t h i s  c l a s s  of o r b i t s  i n  d i r e c t l y  producing t h e  enhanced f l u x  
of sma l l  d u s t  p a r t i c l e s  measured i n  t h e  v i c i n i t y  of t h e  e a r t h  is 
made d i f f i c u l t '  by t h e  p r e s e n t  l ack  of knowledge about the o r b i t s  
of s m a l l  d u s t  p a r t i c l e s  bo th  i n  t h e  v i c i n i t y  of t h e  e a r t h  and i n  
i n t e r p l a n e t a r y  space.  The source of t h e  s m a l l  d u s t  p a r t i c l e s  
and t h e  mechanism for t h e  enhancement of t h e  f l u x  measured i n  
t h e  v i c i n i t y  of t h e  e a r t h  through t h e  use of s p a c e c r a f t  s t i l l  
remain t o  be s a t i s f a c t o r i l y  explained.  



CAPTIONS FOR FIGURES 

F igure  1. Cumulative f l u x  d i s t r i b u t i o n  compiled from t h e  data 
i n  Table I t o  show t h e  enhancement of t h e  f l u x  of 
s m a l l  d u s t  particles i n  t h e  v i c i n i t y  of t h e  earth.  

F igu re  2 .  Dependence of t h e  r a t i o  ( s )  of t h e  force of r a d i a t i o n  
t o  t h e  force of g r a v i t y  on t h e  s ize  and  m a s s  d e n s i t y  
of a d u s t  pa r t i c l e .  

F igu re  3. Dependence on p a r t i c l e  s ize  (or 8)  of t h e  speed a t  
encounter  f o r  d u s t  p a r t i c l e s  and a p l a n e t  when both 
are moving i n  c i r c u l a r  h e l i o c e n t r i c  o r b i t s .  

F igu re  4a, 4b .  Two examples of t h e  dependence on  particle 
s ize  (or B) of t h e  speed a t  encounter  f o r  a p l a n e t  
moving i n  a c i r c u l a r  o r b i t  and d u s t  par t ic les  
moving i n  e l l i p t i c  h e l i o c e n t r i c  o r b i t s .  

-1 
F igure  5. The (A , e) domain showing t h e  o r b i t s  f o r  which  

p l a n e t a r y  encoun te r s  are p o s s i b l e  and t h e  l i n e  
s i n g u l a r i t y  next  t o  which are c l u s t e r e d  t h e  o r b i t s  
t h a t  y i e l d  very  low speeds of encounter  f o r  s m a l l  
d u s t  p a r t i c l e s  i n  o rb i t s  of l o w  i n c l i n a t i o n .  
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